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During the past two decades, molecular biologists and geneticists have deconstructed intracellular signaling
pathways in individual cells, revealing a great deal of crosstalk among key signaling pathways in the animal
kingdom. Fewer examples have been reported in plants, which appear to integrate multiple signals on the
promoters of target genes or to use gene family members to convey signal-specific output. For both plants
and animals, the question now is whether the ‘‘crosstalk’’ is biologically relevant or simply noise in the exper-
imental system. To minimize such noise, we suggest studying signaling pathways in the context of intact
organisms with minimal perturbation from the experimenter.Introduction
Signal transduction is the process by which an external or
internal stimulus activates a receptor, which in turn sets up an
amplification pathway that alters intracellular physiology. The
stimulus may be a small molecule, a protein, or even a photon,
whereas the altered responses are often changes in gene
expression (from a few to thousands of genes) or nongenomic
responses (e.g., changes in intracellular calcium concentration).
After the discoveries of the molecular components of the key
signaling pathways controlling growth and development in
plants and animals, it is now generally accepted that the
response to a particular signal is not the result of a single linear
signaling pathway but rather reflects pathway integration, which
can occur at multiple levels. This realization has led to the
science of systems biology and the rampant use of the terms
‘‘crosstalk,’’ ‘‘network,’’ and ‘‘feedback loops.’’ In this perspec-
tive, we consider the complex interactions that exist between
intracellular signaling pathways by using the plant hormone
networks that control plant growth as examples. Although
detailed mechanistic studies are further along in metazoans,
emerging data from the plant kingdom suggest that a com-
parison between plants and animals will advance our under-
standing of how signaling pathways have been optimized during
evolution to be both stable and adaptive.
Fundamental Principles of Crosstalk
The concept of crosstalk has found many interpretations among
scientists. Crosstalk describes how signal integration from
multiple inputs within a response network affects a common
biological output. In our opinion, crosstalk exists between two
pathways when both of the following criteria are met: (1) The
combinatorial signal from both pathways should produce
a different response than that triggered by each pathway alone,
and (2), the two pathways must be connected directly or indi-
rectly. When specific signaling components are shared between
two or more signaling pathways, crosstalk is direct. Crosstalk
may also be considered direct when components of one path-Dway are modified directly by enzymes acting in other signaling
pathways. We should point out, however, that shared pathway
components are not sufficient to conclude that two pathways
crosstalk to each other. For instance, in yeast, MAPK signaling
is sequestered to different parts of cells by the Ste5 and Psb2
scaffolding proteins (Qi and Elion, 2005). In a looser definition
of the term, scientists have used crosstalk to describe indirect
effects that one signaling pathway can exert on a different
signaling pathway. Indirect crosstalk has been used to designate
the sequential action of different signaling pathways, especially
when the action of the first pathway is necessary to see the
activity of the second pathway. An example of this is when a tran-
scription factor acting in the first pathway binds the promoters of
genes involved in the biosynthesis, degradation, transport, or
sensitivity to a second hormone or ligand. Occasionally, cross-
talk has been used to define a response, (e.g., gene regulation),
to two different signals that converge on the promoters of core-
gulated genes; however, since there are no interactions between
the two signaling pathways, it may be more appropriate to use
different terms. We suggest coregulation be used to refer to an
additive response, and synergism be used for a more than addi-
tive response. We reserve the term ‘‘mutual antagonism’’ to
describe the opposing effects of two signaling pathways when
integrated on the promoter of a gene.
Crosstalk (direct and indirect), mutual antagonism, coregula-
tion, and both positive and negative feedback loops are common
inmetazoan signaling pathways (Guo andWang, 2009;Mendoza
et al., 2011). Moreover, a single pathway can be controlled by
modifier proteins, sometimes leading to synergism and some-
times to antagonism—depending on the cell line, the experi-
mental design, and the target gene considered.
What Have We Learned about Crosstalk from Studies
in Plants?
Plants are sessile organisms and are therefore stuck in a specific
location. As such, and even more than animals, plants must
constantly adapt their growth and development to fluctuatingevelopmental Cell 21, December 13, 2011 ª2011 Elsevier Inc. 985
Figure 1. A Myriad of Signals Constantly Bombard Plants
Some of these signals must be dealt with immediately (e.g., shading by other plants), while other cues are the source of more long-term information,
(e.g., photoperiod, temperature in seasonal time and location on the planet). Plant hormone signaling pathways then determine whether the plant grows or
not—often a matter of survival.
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of biotic and abiotic signals (Figure 1), some of which tell the
plant about impinging danger. Other cues, such as a combination
of photoperiod and temperature, provide plants with a sense of
seasonal time and latitude of origin. These environmental cues
are then acted upon by endogenous pathways that control
development and tell the plant whether it is appropriate to
grow or not to grow.
Plant hormones are small molecules derived from various
essential metabolic pathways that orchestrate intrinsic develop-
mental programs and shape plant architecture (Santner and
Estelle, 2009). At least eight major classes of plant hormones
have been characterized to date, including auxin, gibberellins
(GAs), abscisic acid (ABA), cytokinins (CKs), ethylene, brassinos-
teroids (BRs), jasmonates (JA), and strigolactones. All of these
hormones are connected to growth regulation, sometimes in a
tissue-specific manner (Santner et al., 2009). Increasing evi-
dence indicates that environmental cues target the biosynthesis,
transport, or perception of these small molecule hormones,
thereby providing plants with extreme developmental plasticity
(Figure 1).
Much knowledge about the respective signaling pathways
underlying responses to plant hormones or external stimuli (light,
temperature, nutrients, pathogens, etc.) has been gained over
the past two decades with the powerful genetics of the model
plant Arabidopsis thaliana (Santner et al., 2009; Santner and
Estelle, 2009; Shan et al., 2011). The identification and analysis986 Developmental Cell 21, December 13, 2011 ª2011 Elsevier Inc.of receptor and signaling mutants provided a blueprint of the
respective signaling pathways. Because plants must evaluate
many inputs from their environment to establish an appropriate
body plan, it was anticipated that much crosstalk between plant
hormone signaling pathways would be found. So far, surprisingly
little direct crosstalk has been observed (Nemhauser et al.,
2006).
The concept of crosstalk in plants has mostly been probed
through transcriptome analysis. With the exception of auxin
and BRs, the analysis of public microarray data of Arabidopsis
seedlings treated for 3 hr with one of seven different hormones
revealed very few genes induced by more than one hormone,
suggesting that there was very little crosstalk among these path-
ways (Nemhauser et al., 2006). More recently, observations of
hormone pathway integration have been reported (Chen et al.,
2008; Choi et al., 2010; de Lucas et al., 2008; Feng et al.,
2008; Hou et al., 2010; Lingam et al., 2011). Microarrays may
have missed crosstalk gene expression signature because only
one time point was assayed. Another possibility is that exoge-
nous application of a hormone is unlikely to mimic the spatial
and temporal levels of hormone in a growing plant. Also, if
gene expression changes are restricted to a few cells or of low
amplitude, many genes that are locally expressed might be
missed.
As for why so little direct crosstalk has been reported in plants,
one possible explanation is that many plant hormones have
unusually short signaling pathways (Jaillais and Chory, 2010;
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leucine-rich-repeat BR receptor Ser/Thr/Tyr kinase, is localized
to the cell surface (Friedrichsen et al., 2000; Geldner et al.,
2007; Hothorn et al., 2011; She et al., 2011). Both CK and
ethylene receptors are histidine kinases that signal from the
endoplasmic reticulum, whereas auxin, GA, ABA, and JA signal
through novel receptors that are localized in the nucleus (Lumba
et al., 2010; Santner et al., 2009; Wulfetange et al., 2011). Also,
plant scientists have been lacking the tools to perform similar
experiments to their colleagues who work on mammalian
systems. The recent development of large-scale protein interac-
tomes, genome-wide mapping of transcription factor binding
sites by ChIP-chip/ChIP-seq, and modified one-hybrid screens
are expected to tremendously increase our knowledge about
direct and indirect crosstalk and may reveal the existence of
signaling hubs (Arabidopsis Interactome Mapping Consortium,
2011; Lalonde et al., 2010; Pruneda-Paz et al., 2009; Sun et al.,
2010; Yu et al., 2011). Regardless of the outcome, themajor chal-
lenge now is to grasp how these different signaling pathways are
integrated to give dynamic and coordinated changes in growth
when plants are constantly bombarded by a myriad of signals.
Direct Crosstalk between Plant Growth Pathways and
Innate Immunity
In this section, we will use examples from the BR pathway to
illustrate the complexity and challenges of studying crosstalk in
multicellular eukaryotes.
Overview of the BR Signaling Pathway
BRs are important regulators of growth and differentiation in
plants. BR-deficient and BR-insensitive mutants show pleio-
tropic defects including severe dwarfism, male sterility, delayed
senescence, and constitutive photomorphogenesis in the dark
(Vert et al., 2005). Most, if not all, BR signaling components are
now known, and a pathway linking steroid recognition at the
cell surface to changes in gene expression has been proposed
(Clouse, 2011). In the absence of BRs, the pathway is negatively
regulated by BIN2, a GSK3-type kinase, and other members of
the GSK3 family (De Rybel et al., 2009; Li and Nam, 2002; Vert
and Chory, 2006; Yan et al., 2009). BIN2 negatively regulates
the pathway by phosphorylating the closely related plant-
specific transcription factors, BES1 and BZR1, at multiple sites
(Vert and Chory, 2006; Wang et al., 2002; Yin et al., 2002). BR
binding to BRI1’s extracellular domain activates its kinase
domain and leads to the transphosphorylation of three classes
of proteins, its coreceptor, BAK1, the positive regulators, BSK1
and CDG1 from the receptor-like cytoplasmic kinase family,
and the negative regulator, BKI1 (Jaillais et al., 2011; Kim et al.,
2011; Li et al., 2002; Nam and Li, 2002; Tang et al., 2008;
Wang and Chory, 2006). Kinetic data indicate that BKI1 must
be released from the membrane for the BRI1-BAK1 interaction
to occur (Jaillais et al., 2011; Wang and Chory, 2006). The acti-
vated receptor complex (BRI1-BAK1) initiates a signaling
cascade that leads to the inactivation of BIN2 by a phosphatase
called BSU1 (Kim et al., 2009; Mora-Garcı´a et al., 2004). Tran-
scription factors BES1 and BZR1 are dephosphorylated by
PP2A protein phosphatases (Tang et al., 2011), allowing their
binding to BR-regulated gene promoters to activate expression
of cell expansion-associated genes and to repress BR biosyn-
thetic genes as a feedback mechanism (Vert and Chory, 2006).DBAK1: At theNode of BR-RegulatedGrowth andDefense
Responses
The plastic responses of plants involve opportunity costs.
Resource allocation to rapid growth can limit a plant’s invest-
ment in defending itself from pathogens. Likewise, allocation to
defense can reduce competitive ability to outgrow neighboring
plants. This resource allocation compromise between growth
and defense is known as the ‘‘dilemma of plants’’ (Moreno et al.,
2009).
The innate immune systems of plants and animals use pattern
recognition receptors (PRRs) to detect conserved microbe-
associated molecular patterns (MAMPs) molecules from patho-
gens, thus serving as the first line of defense against microbial
invasion (Nicaise et al., 2009). MAMP-triggered immunity leads
to massive gene expression changes, production of reactive
oxygen intermediates, and callose deposition, among other
responses, thus slowing down or ending pathogen proliferation.
The BRI1 coreceptor, BAK1, together with its homolog BKK1,
were shown to regulate cell death and to function in response
to multiple MAMP responses, including flagellin, bacterial elon-
gation factor EF-Tu, bacterial cold-shock protein, and the oomy-
cete elicitor INF1 (Chinchilla et al., 2007; He et al., 2007; Heese
et al., 2007; Kemmerling et al., 2007). BAK1 rapidly associates
with the flagellin receptor, FLS2, and again the activated re-
ceptor is a hetero-oligomer (Chinchilla et al., 2007). BRI1,
BAK1 and FLS2 coexist in the same cells indicating that BAK1
is shared between several signaling pathways and integrates
several cell responses to internal and external cues (Vert,
2008). Differential phosphorylation of BAK1 by BRI1 and FLS2
was postulated to confer signaling specificity (Wang et al.,
2008). Although BAK1’s function in innate immunity appears to
be genetically independent from its role in BR signaling (Shan
et al., 2008; Spoel and Dong, 2008), recent evidence strongly
argues for crosstalk between BR signaling and MAMP-triggered
immunity (Albrecht et al., 2011; Belkhadir et al., 2011), yet exper-
imental design argues against a simple mechanism.
Modulating BR signaling via altered BR or BRI1 levels indeed
antagonizes several PRR-signaling pathways dependent on
BAK1 (Albrecht et al., 2011; Belkhadir et al., 2011) (Figure 2).
The crosstalk between BRs and immune responses however
appears to be unidirectional since flg22 perception by FLS2
does not prevent BKI1 delocalization from the plasma mem-
brane nor BES1 dephosphorylation, two hallmarks of BR
signaling (Albrecht et al., 2011; Belkhadir et al., 2011). Themech-
anistic basis of unidirectional crosstalk between BR and immune
responses is still unclear. BAK1 may simply be limiting for PRR
complex formation upon MAMP perception, but not for BR
signaling. Detailed genetic analyses using a gain-of-function
allele of BRI1 or hypermorphs indicated that BAK1 dosage
appears critical for dictating the output of FLS2 signaling, and
stimulation of BR signaling thus depletes the pool of BAK1 avail-
able for MAMP-triggered immunity responses (Belkhadir et al.,
2011). However, in a different study, applying BRs to wild-type
plants suggested that BAK1 was not limiting. BR-mediated inhi-
bition of FLS2 signaling was not associated with a decrease of
FLS2 phosphorylation or FLS2-associated BAK1 (Albrecht
et al., 2011). Future work will therefore be necessary to tease
apart whether the crosstalk between BRs and immune re-
sponses relies on a common but limited pool of BAK1 sharedevelopmental Cell 21, December 13, 2011 ª2011 Elsevier Inc. 987
Figure 2. Direct Crosstalk between BR, Auxin and
MAMP Signaling Pathways
Binding of BRs to the BRI1 receptor triggers association
with its coreceptor BAK1 at the cell surface. The activated
receptor complex in turns leads to inhibition of BIN2-
dependent phosphorylation of the BES1/BZR1 transcrip-
tion factors. Dephosphorylated BES1/BZR1 bind to and
activate BR-responsive gene expression, among which
a significant subset also respond to auxin. BR signaling
triggers the BIN2-mediated phosphorylation of the ARF2
repressor to inhibit its binding to auxin-response elements
in the promoters of BR/auxin-regulated genes. Auxin
perception removes the Aux/IAA-dependent repression
on activator ARFs (A-ARF) that now can bind to auxin-
response elements and further activate transcription of
BR/auxin-responsive genes. The BAK1 coreceptor is also
used by FLS2 to signal flagellin perception and trigger
MAMP responses. A mechanism of crosstalk between
BRs and MAMPs was recently proposed in which ligand
perception by BRI1 titrates BAK1 away from other re-
ceptors that use BAK1 as a coreceptor (Belkhadir et al.,
2011). As a consequence, BRs have a negative impact on
several pattern recognition receptors, such as the flagellin
receptor FLS2, and MAMP responses.
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both mechanisms may come into play, depending on the
context.
Crosstalk between BR and Auxin Signaling Regulates
Growth Rate
The plant hormone auxin is a central regulator of plant growth
and development (Santner et al., 2009). Auxin perception by
a heterodimer consisting of an F-box-LRR protein and a tran-
scriptional repressor of the Aux-IAA family triggers the degrada-
tion of the Aux/IAAs. This in turns allows the Auxin Response
Factor (ARF) proteins, which include transcriptional activators
and repressors, to bind the promoters of auxin-regulated genes
where they promote auxin genomic responses. It has been
known for a long time that BRs act synergistically with auxins
to promote cell elongation (Mandava, 1988). Transcriptome
analysis with Affymetrix microarrays revealed that a large pro-
portion (up to 40%) of the total auxin-regulated genes are
also responsive to BRs, and many of them are involved in
growth-related processes (Goda et al., 2002; Mu¨ssig et al.,
2002; Nemhauser et al., 2004; Vert et al., 2005; Yin et al.,
2002). The promoters of BR-regulated genes are notably en-
riched in binding sites for ARFs thatmediate auxin transcriptional
output (Goda et al., 2004; Nemhauser et al., 2004).
The BR-regulated BIN2 kinase was shown to interact with the
transcriptional repressor ARF2 and provides a mechanistic ex-
planation for the crosstalk between BRs and auxin (Vert et al.,
2008). A loss-of-function mutant for ARF2 is resistant to the
dwarfing effect of the BR biosynthetic inhibitor brassinazole,
indicating that ARF2 acts as a negative regulator of the BR
signaling pathway. BIN2-mediated phosphorylation of ARF2
results in a loss of ARF2 DNA binding and repression activities,
allowing BR-regulated expression of certain auxin-responsive
genes. This crosstalk not only explains how BRs and auxin cor-
egulate the same genes, but also provides a mechanistic basis
for the synergistic effect of the two hormones (Nemhauser
et al., 2004). BRswere proposed to release the brake from genes
under the control of both BRs and auxin, and the latter increases
expression through release of Aux/IAA-mediated repression on
the activator ARFs. Addition of both hormones thus results in988 Developmental Cell 21, December 13, 2011 ª2011 Elsevier Inc.elevated and potentially prolonged expression of target genes.
Future work will elucidate how BRs inhibit BIN2 kinase activity
toward BES1 and BZR1 to promote BR genomic responses,
while promoting phosphorylation of ARF2 by BIN2.
When knowledge of the dynamics of a particular response is
known, crosstalk can also ‘‘disappear.’’ This is the case during
the rapid early stem growth stage of shade avoidance. When
a plant senses a light-quality change that indicates the presence
of a competing plant, the shaded plant will initiate a rapid growth
response in the stem tissues. Both BRs and auxin are involved in
the growth response, which is biphasic (Cole et al., 2011; Keller
et al., 2011). The synthesis of new auxin is responsible for the
very rapid initial growth rates. Later, the light environment
becomes depleted of blue light and the seedling undergoes a
second growth spurt that requires brassinosteroid signaling.
This second growth spurt is not dependent on the new auxin
that accumulates within minutes. Thus, the sequential action of
auxin and BRs during the shade avoidance response illustrates
that crosstalk is unlikely to be important. It also reinforces why
one must use a dynamic read out of the phenotype.
Indirect Crosstalk in BR Signaling
As mentioned above, early microarray analyses from plants
challenged with exogenous BRs or from mutants affected in
the biosynthesis or perception of BRs indicate that BR applica-
tions modify expression of genes involved in auxin biosynthesis,
transport, and signaling (Nemhauser et al., 2004; Vert et al.,
2005). ChIP-chip approaches for BES1 and BZR1 revealed the
presence of several hundred binding sites in the genome,
including in promoters of auxin metabolism enzymes, auxin
transporters, auxin receptors, and several downstream auxin
signaling components (Sun et al., 2010; Yu et al., 2011). The
complexity of such indirect crosstalk is seen through themultiple
regulatory levels of control within a target hormone pathway. BR-
regulated BZR1 targets contain both the Aux/IAA repressors and
activator ARFs that have an opposing function in auxin signaling.
BZR1 binding induces the expression of certain Aux/IAAs while
repressing expression of others. These observations clearly
highlight our lack of knowledge on the role of the respective
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spatial resolution in such genome-wide approaches in whole
organisms. What appears as an opposing effect might underlie
the different responses from different tissues.
BES1 and BZR1 also bind to promoters from genes involved in
the production or signaling of ethylene, ABA, CK, GA, JA, and
light perception, supporting physiological data and gene expres-
sion analyses involving interaction between BRs and these dif-
ferent hormones or signals (Sun et al., 2010; Yang et al., 2011;
Yu et al., 2011). BZR1 binds to and negatively regulates the
transcription of several key components of the light-response
pathways, including the photoreceptor phytochrome B and the
phytochrome-interacting proteins PIF3 and FHL (Sun et al.,
2010). Accordingly, over 800 genes are jointly regulated by red
light or BR deficiency, further highlighting the antagonistic regu-
lation of seedling photomorphogenesis by light and BRs. In the
case of ABA, microarray analyses showed that BRs and ABA
can coregulate the expression of hundreds of genes (Nemhauser
et al., 2006). Although it is clear that BRs and ABA indirectly
crosstalk through BES1/BZR1 binding to promoters from genes
involved in ABA biology, it has also been suggested that the two
pathways could engage in crosstalk directly, although the
molecular mechanism is still elusive (Zhang et al., 2009).
The indirect crosstalk mediated by BZR1 not only affects
hormone signaling but also developmental pathways and envi-
ronmental and stress responses among others. Also noteworthy
is the fact that BZR1 directly binds to the FLS2 promoter and
activates its expression (Sun et al., 2010), suggesting that BRs
and innate immune responses may also undergo indirect cross-
talk. Whether this possible increase in FLS2 counteracts the BR-
mediated inhibition of FLS2-dependent MAMP signaling is an
open question. Such an increase in FLS2 transcription would
certainly be biologically relevant in the context where BAK1 is
not limiting to sustain defenses against pathogens.
Future Directions
The signals and signaling mechanisms by which the major path-
ways of growth and development work in specific cell types are
now known. Only recently, though, have we come to appreciate
the extent of integration of these pathways with each other and
other signaling pathways within cells. Even less is known of
how growth is coordinated between cells within organs, and
how differential growth of multiple organs shapes the body
plan of plants and animals. We have relied on ‘‘snapshots’’ of
phenotypes, rather than trying to model the dynamic changes
that occur in subsets of cells during complicated processes,
such as growth. This explains the number of conflicting reports
on crosstalk found in both the plant and animal literature.
In animals, cell lines have been extensively and successfully
used to illustrate crosstalk between major signaling pathways.
However, the results should be interpreted with caution since
these cells are not in context with the organism from which
they came. Thus, primary cell lines would be more ideal than
cell lines propagated ex vivo for many generations. The lack of
cell lines in plants prompted the implementation of crosstalk
analyses in intact organisms, thus increasing complexity and
slowing progress. Care should now be taken to ensure the
proposed crosstalk not only matches what we know about the
biology of the respective pathways, but also relies on realisticDmechanisms (e.g., interacting proteins found within the same
cell). More importantly, we are now up against a wall caused
by oversimplification. The use of nonphysiological concentra-
tions of a ligand, or the use in the wrong context (isolated cells,
time of the day, or chemical form) may indeed reveal some arti-
factual insights into crosstalk. Thus, how much observed cross-
talk is actually meaningful is still an open question. If pathways
‘‘crosstalk’ to almost all other pathways in a cell, then one
must question whether these interactions are simply contributing
to background ‘‘noise.’’ For crosstalk biologically relevant to the
whole-organism physiology, efforts are now required to deter-
mine its true function and its relative contribution in the final
physiological output.
In addition to the abundance of crosstalk in animals, the
expected increase of examples in plants, and the complexity
of multilevel crosstalk mechanisms depicted in this Perspective,
other obstacles have hindered our understanding of interactions
between signaling pathways that occur in multicellular organ-
isms. Most signaling pathways have been recruited several
times during development and their interactions with other
signaling pathways may be regulated by both the stage of devel-
opment and spatial considerations. Thus, there not only may be
more than one receptor or signaling pathway for a specific
ligand, but the crosstalk of the pathway may vary with cell type
and phase of development. Signaling components arising from
multigene families or alternative splicing and expressed in
specific tissues or during differing developmental phases may
provide the basis for variation in the crosstalk theme between
cell types. Yet another challenge in understanding how growth
and development are coordinated in multicellular organisms is
integrating long-distance signals with local signaling pathways.
Concluding Remarks
As we enter the era of integrative biology—where signaling path-
ways are analyzed in their true context—we must now incorpo-
rate what we have learned in cells to studies of the development
of multicellular eukaryotes. To increase our resolution in
analyzing signaling pathways in time and space, several require-
ments must be met. (1) A good biological question, such as how
a plant quickly surveys its environment and makes the call to
grow or defend itself against a pathogen, must be found, and
(2) a genetic system—complete with all the modern tools—to
perturb the system and test quantitative models must be devel-
oped. For multicellular eukaryotes, only a few models are up to
the job: Drosophila, Caenorhabditis elegans, A. thaliana, and
themouse. Also needed are (3) genetic sensors that can quantify
small molecule levels in the live cells of growing organisms—
these should be highly specific yet have a low enough affinity
so they do not interfere with biological processes (transcriptional
read-outs will not suffice); (4) signaling pathway read-outs with
both spatial and temporal resolution to determine which cells
are actively signaling; (5) detailed knowledge of signaling mech-
anisms including receptor activation, half-lives of signaling inter-
mediates, and affinities of different receptor combinations for
a ligand or stimulus; and (6) precise and faithful understanding
of genes expression patterns in time and space.
New sequencing technologies have greatly enhanced our
ability to study gene expression or transcription factor bind-
ing sites at the whole-genome level. This combined withevelopmental Cell 21, December 13, 2011 ª2011 Elsevier Inc. 989
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based cell purification strategies will certainly help (Birnbaum
et al., 2003; Brady et al., 2007; Deal and Henikoff, 2010; Mus-
troph and Bailey-Serres, 2010). How this information will be
curated, where the data will be stored, and how it will be graph-
ically displayed each presents logistical hurdles that must be
overcome. And, most of all, we need to train a new generation
of biologists who can both develop and experimentally test
models to assess ecosystem performance, and who can deter-
mine phenotypic relationships between genotype and disease
and between genotype and environment.
Over the past two decades, we have successfully decon-
structed cells. We must now use that information to reconstruct
the organism and predict the performance of that organism
(animal or plant) to multiple environmental changes.
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